ABSTRACT Reducing hot-carrier relaxation rates is of great significance in overcoming energy loss that fundamentally limits the efficiency of solar energy utilization. Semiconductor quantum dots are expected to have much slower carrier cooling because the spacing between their discrete electronic levels is much larger than phonon energy. However, the slower carrier cooling is difficult to observe due to the existence of many competing relaxation pathways. Here we show that carrier cooling in colloidal graphene quantum dots can be 2 orders of magnitude slower than in bulk materials, which could enable harvesting of hot charge carriers to improve the efficiency of solar energy conversion.
W
hen the size of a semiconductor crystal is reduced to approach the exciton Bohr radius of the bulk material, the limited volume significantly modifies electron distribution, resulting in size-dependent properties such as bandgap and energy relaxation dynamics. [1] [2] [3] This phenomenon, known as "quantum confinement", has been investigated in many semiconductor materials and led to practical applications such as bioimaging, lasing, photovoltaics, and light-emitting diodes. For these electro-optical applications of quantum dots, relaxation of high excited states (or cooling of hot carriers) is of central importance and thus has been extensively studied. [4] [5] [6] Because of the large electronic energy spacing in quantum confined systems in comparison with phonon frequencies, phonon-assisted relaxation between discrete electronic states requires emission of multiple phonons to conserve energy. Since the phonon-assisted relaxation is the primary mechanism for carrier cooling in bulk semiconductors, it was expected that carrier cooling in quantum dots should be significantly slower than in bulk semiconductors because of the low probability of multiphonon processes (i.e., "phonon bottleneck"). 5, 7 In reality, however, in quantum dots there exist alternative relaxation mechanisms efficient enough to cause subpicosecond carrier cooling that is not significantly slower than that in bulk materials. 8, 9 In particular, hot electrons could relax rapidly by transferring energy to holes, which often have a greater effective mass and thus smaller energy spacing, through Auger-like processes followed by phonon-assisted relaxation 10, 11 or nonadiabatic channels involving surface ligands. 12, 13 Trap states 14, 15 in the quantum dots and highfrequency vibrational modes in surface ligands 16 provide additional relaxation pathways to promote rapid carrier cooling. It has been demonstrated that by carefully designing multiple layers of heterostructures around colloidal CdSe quantum dots and suppressing these pathways, the lifetimes of hot carriers could be increased by 3 orders of magnitude up to 1 ns. 9 With this approach, electrons and holes were spatially separated by the heterostructures to reduce their energy transfer. Epitaxial growth of the heterostructures and use of weakly IR-absorbing surface ligands further removed the trap states and coupling with ligand vibrations.
Herein we report on the observation that indicates remarkably slow carrier cooling in colloidal graphene quantum dots. [17] [18] [19] Comparing with quantum dots of other semiconductors such as CdSe or PbSe, colloidal graphene quantum dots have features that could naturally suppress the hotcarrier relaxation pathways in addition to the phononassisted ones. Having symmetric linear energy dispersion relations in both valence band and conduction band near the band edges makes equal effective masses for both electrons and holes, 20 eliminating the Auger-like electron-hole energy transfer pathways for carrier cooling. With well-controlled carbon chemistry, we can make graphenes that consist of carbon atoms with only sp 2 -hybridization and perfectly passivate their edges with hydrogen atoms, so that the quantum dots are free of trap states. In addition, all the chemical bonds in the colloidal graphene quantum dots can be precisely controlled to have small mid-IR transition dipole moments so that they do not strongly couple to the electrons of the graphenes. 9 Our experimental studies on the carrier relaxation dynamics of colloidal graphene quantum dots indeed show the absence of fast relaxation pathways so that lifetimes of hot carriers up to hundreds of picoseconds could be readily obtained. The slower carrier cooling, together with the small dielectric constant in graphene and thus greater carrier-carrier Columbic interaction, makes the graphene quantum dots an interesting system to investigate alternative relaxation pathways such as hot electron transfer or multiexciton generation for improving efficiency of photovoltaic devices. 21 The graphene quantum dots we studied contain 132 conjugated carbon atoms (1 in Figure 1 ; the graphene core is marked in blue). They were synthesized with a recently developed solution-chemistry approach, so that the quantum dots contain a graphene core with perfect size uniformity solubilized by three flexible 2′,4′,6′-trialkyl phenyl groups (marked in black). 17, 18 The steric constraints on the edges of the graphene forces the trialkyl phenyl groups to twist from the plane of the graphene, creating a three-dimensional cage that effectively prevents the quantum dots from aggregating. 17 As a result, the quantum dots can be dispersed in various solvents, and we can study their ensemble properties unhindered by aggregation or substrate effects. 22 Previous studies on graphite indicated that the strong coupling between optical phonons and charge carriers leads to subpicosecond cooling of hot carriers. 23, 24 In bulk graphene epitaxially grown on solid substrates, it was observed that carrier-phonon scattering leads to cooling within less than two picoseconds. 25, 26 To compare the hot-carrier relaxation dynamics in 1 with that in the bulk materials, the graphene quantum dots were studied in solution with ultrafast transient absorption spectroscopy at room temperature. For the experiments, the quantum dots were dispersed in toluene with a concentration of ∼10 µM, and the solution was bubbled with argon for at least 10 min immediately before the measurements. In the transient absorption experiments, the solution is pumped with laser pulses with 400 nm wavelength, 150 fs pulse width, 10 nm bandwidth, and a repetition rate of 250 kHz. The pump beam is the second harmonic of the 800 nm output of a Ti:sapphire regenerative amplifier (RegA, Coherent) seeded by a mode-locked oscillator (Mira, Coherent) at 76 MHz. A fraction of the 800 nm output was used to pump an optical parametric amplifier (OPA), from which the output with tunable wavelength (500-700 nm) was used for the probe. For measurements of relaxation decay, the OPA output was split into a reference and a probe beam with the reference beam arriving at a fixed time before the probe. The time delay between the pump and the probe was continuously scanned by passing the pump beam through a delay line of adjustable lengths. A mechanical chopper was used to modulate the pump beam at 780 Hz. The differential signal between the reference and the probe beams was measured with a pair of balanced silicon photodiodes (100 kHz bandwidth, New Focus, model 2307) and detected with a lock-in amplifier (Stanford Research System, SR 830) at the modulation frequency. The energy density of each pump and probe pulse incident onto the sample was ∼50 and ∼1 nJ/mm 2 , respectively, to make sure that each quantum dot can absorb at most one photon from each pump pulse and that the transmitted probe beam intensity was within the linear response range of the photodiodes.
The absorption spectrum of 1 in toluene is shown in Figure 2 , which appears continuous because of vibronic broadening and the small energy spacing between the excited electronic states. Each of the transition bands in the spectrum is denoted with the corresponding final states S [1] [2] [3] [4] (from ground state S 0 ), with S representing the singlet states and S 1 the lowest excited singlet state. Fluorescence excitation spectrum (Figure 2 , dotted curve) shows that the absorption at wavelengths shorter than 490 nm is due to transitions to continuum electronic states, to which the quantum dots were initially excited with the 400 nm pump beam in our transient absorption experiments. The different trends in the absorption and the excitation spectra at various wavelengths are because the quantum dots at states S 2 and S 3 have significant probabilities to relax into triplet states. 22 Since in the graphene quantum dots carrier-carrier interactions and quantum-size energy are much greater than the zero bandgap of bulk graphene, in their excited states (including S 1 -S 4 ) the coupling between electron states and hole states have to be considered. The excitonic effects have been shown to play important roles in determining the optical properties of carbon nanotubes 27 as well as bulk graphene and nanoribbons. 28, 29 In quantum dot 1, the small sizeandreduceddimensionalityfurtherenhancecarrier-carrier interactions. By assuming a dielectric constant of unity for graphene, 30 we can estimate the electron-hole Columbic interaction E C ∼ -[e 2 /(4πε o a)] ∼ -1 eV, where a ∼ 1 nm is the radius of 1. In addition, the quantum-size energy E q ∼ (ν F h)/(2a) ∼ 2 eV, where ν F ≈ 10 6 m/s, is the Fermi velocity in graphene. 31 Therefore, in the excited states of the quantum dots (S 1-4 ) various electron or hole states are strongly mixed. Consequently in the relaxation of hot carriers the evolution of electrons and holes are correlated and cannot be treated independently as in CdSe quantum dots. 32 Absorption bleaching in 1 subsequent to pulsed irradiation at 400 nm was observed at all probed wavelengths. In Figure 3 we show the transient absorption (TA) signals at wavelengths probed between 560 to 660 nm with a 20 nm interval at various pump-probe time delays. Among the six wavelengths we have studied, five showed only bleaching and the subsequent recovery. The signal at 560 nm showed an induced absorption transition, presumably because of excited quantum dots being further excited, generating either an exciton of higher energy or two excitons. Its exact origin will be investigated in the future.
At each of the wavelengths we have probed, the bleaching recovery dynamics can be described with two exponential components, of which the faster one has a time constant independent of wavelength and the slower one wavelengthdependent. Figures 4 shows the time traces of the TA signals at 560, 600, 640, and 660 nm, corresponding to S 0 f S 3 , S 0 f S 2 , S 0 f S 1 (blue edge) and S 0 f S 1 (red edge) transitions, respectively. In Figure 4 we also show the best global biexponential fits for all the traces, assuming the time constant of the faster component being equal for all the wavelengths. This leads to the faster component of 18 ( 3 ps and the slower one ranging from approximately 100 ps to nanoseconds (Figure 4) .
On the basis of the mechanisms for light-induced bleachinginquantumdots,thatis,Columbicexciton-exciton interactions or state filling, 32 we can attribute the slower time constants in the bleaching recovery traces to the lifetimes of the excited states with excitation energies corresponding to those of the probe beams. Exciton-exciton interactions influence all transitions because a pre-existing exciton generated by the pump beam shifts the excitation energy of the second exciton, whereas state filling, caused by population change in various electronic states following the initial pump-induced excitation, only disturbs the transitions involving the affected states. Therefore, existence of the common faster component in the bleaching recovery signals in Figure 4 indicates that it can be attributed to exciton-exciton interactions and the slower ones to state filling. Consequently, the slower time constants of 100 to 300 ps can be assigned to the lifetimes of the hot carriers in the discrete states probed, which are 2 orders of magnitude slower than those in bulk graphene or graphite and consistent with the expectation from the discrete electronic states in the quantum dots. The time constant of the faster component should correspond to the lifetime of an electronic state (or states) that, through Columbic exciton-exciton interactions, affects all the states interrogated with the probe beams. We speculate that the state(s) should have higher excitation energy because of the shorter lifetime (18 ps), which nevertheless is also significantly longer than those in bulk materials, and greater density of states at higher energies. The red edge of state S 1 probed at 660 nm is the lowest excitonic and the fluorescence-emitting state. Its lifetime up to nanoseconds obtained with the transient absorption measurements is consistent with the fluorescence lifetime of 1. 22 It is noted that exciton-exciton interaction should lead to induced absorption as well, which however is expected to appear out of the energy range that we have probed. Because of the size of quantum dot 1 and the small dielectric constant in graphene, we can estimate the first exciton generates an electric field of ∼1 V/nm within the quantum dots, which can shift the excitation energy of the second exciton by at least hundreds of electonvolts.
The energy spacing between initial and final states is an important parameter determining the rate of radiationless relaxation, 33, 34 and therefore the rate of hot carrier relaxation depends on the density of states at the energy of the carriers. As a result, we expect that the lifetimes of hot carriers with higher energy could be significantly shorter than those of the discrete states probed in our studies, 35 and we speculate that the faster component in our TA spectra may be attributed to higher states. Similarly, the short induction periods of a few picoseconds in the TA traces could also be due to the shorter lifetimes of the states populated with the pump beam. This is consistent with the dramatically increased fluorescence intensity in the excitation spectrum when the quantum dots are excited to the continuum levels (wavelength shorter than 490 nm, Figure 2 ), suggesting faster and more efficient relaxation to reach the fluorescenceemitting state. The lifetimes of carriers in the continuum levels, as well as our assignment of the dynamic processes, will be investigated and further tested in future studies.
The slow hot-carrier relaxation in the graphene quantum dots makes it possible to reveal other normally slow relaxation pathways that are otherwise difficult to observe. For example, we have observed that intersystem crossing efficiently competes with internal conversion in 1, so that the quantum dots emit not only fluorescence but also phosphorescence with relative intensities depending on excitation wavelengths. 22 Intersystem crossing is generally much slower than internal conversion since it involves a change in spin multiplicity. It can be enhanced in the graphene quantum dots due to the reduced singlet-triplet splitting in such a large conjugated system. 22 The prolonged lifetimes of hot carriers would further make it likely to be competitive against internal conversion. More interestingly, the reduced hot-carrier cooling rates could increase the efficiency of processes such as hot electron extraction or multiexciton generation to improve the efficiency of photovoltaic devices. 21, 36 Excitons with energy in excess to the bandgap of semiconductors could be utilized through electron transfer or exciton multiplication before the excess energy is dissipated into heat and wasted.
